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Abstract Human pluripotent stem cells (hPSCs) provide a good
model system for studying human development and are expected
as a source for both cell-based medical and pharmaceutical re-
search application. However, stable maintenance of undifferenti-
ated hPSCs is yet challenging, and thus routine characterization
is required. Flow-cytometry is one of the popular quantitative
characterization tools for hPSCs, but it has drawback of spatial
information loss of the cells in the culture. Here, we have applied
a two-dimensional imaging cytometry that examines undifferen-
tiated state of hPSCs to analyze localization and morphological
information of immunopositive cells in the culture. The whole
images of cells in a culture vessel were acquired and analyzed by
an image analyzer, IN Cell Analyzer 2000, and determined stain-
ing intensity of the cells with their positional information. We
have compared the expression of five hPSC-markers in four
hPSC lines using the two-dimensional imaging cytometry and
flow cytometry. The results showed that immunopositive ratios
analyzed by the imaging cytometry had good correlation with
those by the flow cytometry. Furthermore, the imaging cytometry
revealed spatially heterogenic expression of hPSC-markers in
undifferentiated hPSCs. Imaging cytometry is capable of
reflecting minute aberrance without losing spatial and morpho-
logical information of the cells. It would be a powerful, useful,
and time-efficient tool for characterizing hPSC colonies.
Keywords Imaging . Cytometry . Human pluripotent stem
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Introduction
Human pluripotent stem cells (hPSCs) including human embry-
onic stem cells (hESCs) (Thomson et al. 1998) and human in-
duced pluripotent cells (hiPSCs) (Takahashi et al. 2007; Yu et al.
2007) are expected as a tool for studying human development as
well as a source of both cell-based therapy and pharmaceutical
research application for their ability to differentiate into almost all
tissue cell types and to proliferate almost indefinitely (Thomson
et al. 1998; Takahashi et al. 2007; Yu et al. 2007). Meanwhile,
hPSCs are prone to spontaneous differentiation in a cell culture
environment even if the same researcher cultures the same cell
line under the same culture conditions (Thomson et al. 1998;
Takahashi et al. 2007). Therefore, the cultured hPSCs should
be routinely characterized for quality control of the cells (Furue
2009; Kusuda Furue et al. 2010; Hirata et al. 2011;
The-International-Stem-Cell-Initiative 2011; Sheehy et al.
2014). The reproducibility of cell differentiation experiments
strongly depends on the cell quality, which means the stemness
of hPSCs. It was reported that the cardiac differentiation from
hPSCs critically depended on the quality of the cells, which is
reliant on the quality of both materials and the techniques
employed (Lian et al. 2012). Thus, development of more valid
quality evaluationmethod is an urgent issue for culturing hPSCs.
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Flow cytometry is one of the most basic method for quan-
titative characterization of the quality of hPSCs. However,
flow-cytometric analysis has two disadvantages for analyzing
hPSCs. First, flow-cytometric analysis requires preparation of
single cell suspension. In the case of hPSCs, it is difficult to
dissociate tightly packed colonies, which is characteristic of
undifferentiated hPSCs, into single cells uniformly. Moreover,
since dissociated single hPSCs tend to die easily (Amit et al.
2000; Watanabe et al. 2007), procedure of flow cytometry is
tricky and labor-intensive. Another problem involved is the
loss of spatial information of the cells. Conventionally, re-
searchers routinely check and empirically determine the qual-
ity of cells based on the spatial information obtained by the
phase contrast microscopic observation, such as confluency,
extent of differentiation, and tightness of cells in colonies.
However, results based on flow cytometry sometimes contra-
dict that of microscopic observation.
Imaging cytometry technology is expected to overcome
these disadvantages of flow-cytometric analysis of hPSCs.
Recent developments in digital imaging technology have
enabled acquiring an entire surface image of a culture
vessel and processing the image into numerical data. As
a result, imaging cytometer is becoming a powerful tool
for quantitative characterization of the cells (Eliceiri et al.
2012; Chieco et al. 2013). Since hPSCs form characteris-
tic flat and monolayer colonies, imaging cytometry that
can retain spatial information with quantitative analysis
(Warmflash et al. 2014) is suitable to analyze individual
hPSC colonies. Thus, daily phase contrast microscopic
observation could be interpreted in relation to the quanti-
tative analysis using imaging cytometry. Moreover, imag-
ing cytometry analysis does not require preparation of
single cell suspension.
Here, we have applied a two-dimensional imaging cytom-
etry system to characterize hPSCs. We confirmed that our
image cytometry system could characterize mixed population
of cells in undifferentiated and differentiated state of hPSCs
that we defined as the Bquasi-undifferentiated state.^ The
hPSCs cultured and fixed in remote laboratory were subjected
for analysis by our system to further standardize the analytical
procedures. Consequently, the antigen expression profiles an-
alyzed by the two-dimensional imaging cytometry were com-
parable with those by the flow cytometry. Quantitatively ana-
lyzed spatial information of the cells will help us understand
the instability of undifferentiated hPSCs and control the qual-
ity of hPSCs.
Materials and Methods
hPSC culture The information of the cells used in this study
is summarized in Supplementary Table S1. The hESC H9
(WA09) (Thomson et al. 1998) line used at the National
Institutes of Biomedical Innovation, Health and Nutrition
(NIBIOHN) was obtained from WISC Bank (WiCell
Research Institute, Madison, WI). The hiPSC 201B7
(Takahashi et al. 2007) and 253G1 (Nakagawa et al. 2007)
lines used at Nagaoka University of Technology (NUTech)
were obtained from RIKEN BRC Cell Bank (Ibaraki, Japan)
through the National Bio-Resource Project for MEXT, Japan.
NUTech also used hiPSC Tic line (JCRB1331) (Nagata et al.
2009) which was obtained from the Japan Collection of
Research Bioresources Cell Bank (Osaka, Japan). The cells
were defrosted, cultured, and routinely maintained in human
ESC expansion medium (KSR-based medium) on mitomycin
C-treated mouse embryonic fibroblast (MEF) feeder cells as
previously described (Amit et al. 2000). KSR-based medium
consisted of DMEM/F12 medium (Life Technologies,
Carlsbad, CA), supplemented with 20% (v/v) KSR (Life
Technologies), 0.1 mM 2-mercaptoethanol (Sigma, St.
Louis, MO), MEM non-essential amino acids (Life
Technologies), and 5–10 ng/ml recombinant human basic
FGF (Katayama Kagaku Kogyo, Osaka, Japan). H9 cells were
passaged using 1 mg/ml dispase (Roche, Mannheim,
Germany) in DMEM/F12 medium (Life Technologies) and a
plastic scraper (Sumitomo Bakelite, Tokyo, Japan). 201B7,
253G1, and Tic cells were passaged using CTK medium
(Suemori et al. 2006) consisting of 0.25% trypsin, 0.1% col-
lagenase IV, 20% KSR, and 1 mM CaCl2 in phosphate-
buffered saline (PBS).
Cell culture, flow-cytometric analysis, and imaging-
cytometric analysis of the hESC H9 line were performed at
NIBIOHN. Cell culture of the hiPSCs was performed at
NUTech. The cells were seeded in two 6-well plates at the
same passages. Flow-cytometric analysis of the hiPSCs in
one of the 6-well plates was performed at NUTech, while
the cells in the other 6-well plate were fixed with formalde-
hyde and sent via delivery service to NIBIOHN for imaging-
cytometric analysis (Fig. S1).
The hESCs were used in NIBIOHN, in accordance with the
Guidelines for Utilization of Human Embryonic Stem Cells of
the Ministry of Education, Culture, Sports, Science and
Technology of Japan after approval by the institutional ethical
review board at NIBIOHN.
Imaging cytometry The imaging cytometry was performed
using an image analyzer, IN Cell Analyzer 2000 (GE
Healthcare, Buckinghamshire, UK), as described previously
(Kinehara et al. 2013). Briefly, cells cultured in a 6-well plate
were fixed with 4% formaldehyde and kept in PBS at 4°C.
Before the hiPSCs were sent from NUTech to NIBIOHN, the
cells were rinsed with PBS containing 0.5 mM CaCl2 and
0.5 mM MgCl2 (PBS
+/+). Each well of 6-well plate was fully
filled with PBS+/+ and tightly sealed with Parafilm (Pechiney
Plastic Packaging, WI) to avoid air bubbles. After delivery
from NUTech to NIBIOHN, the cells were confirmed to be
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neither peeled off from the plates nor broken by transporta-
tion. Subsequently, the cells were permeabilized and blocked
with PBS containing 0.1% Triton X-100, 1% BSA, and then
reacted with primary antibodies in the same solution. The
primary and secondary antibodies used are listed in
Supplementary Table S2. Hoechst 33342 (Life Technologies)
was used for nuclei staining. The image analysis was achieved
with the image analyzer and its analyzing software, Developer
Toolbox v.1.9 software (GE Healthcare).
Flow cytometry Flow-cytometric analysis was performed as
described previously (Ohnuma et al. 2014). Briefly, all cells
were dissociated into single cell suspension using 0.02% (w/v)
ethylenediaminetetraacetic acid tetrasodium salt dihydrate in
PBS and fixed in 4% formaldehyde. Subsequently, the cells
were permeabilized and blocked with PBS containing 0.1–
0.2 % Triton X-100, 10 mg/ml BSA. Then, the cells were
incubated with primary antibodies and the primary antibody
binding was visualized with secondary antibodies. The phy-
coerythrin conjugated anti-feeder antibodies (130-096-094,
Miltenyi Biotec, Bergisch Gladbach, Germany) were used to
discriminate hPSCs from MEFs. Antibody information is
listed in Supplementary Table S2. JSAN (Bay Bioscience,
Hyogo, Japan) or FACSCanto (BD Biosciences, La Jolla,
CA) was used for data acquisition.
Results
Phase-contrast microscopic observation Human iPSCs,
which were cultured roughly (i.e., with no particular efforts
to force the cells to be in undifferentiated state such as picking
up good colonies or removing differentiated cells) for several
passages beforehand, were seeded on two 6-well plates. Phase
contrast microscopic observation revealed that while most of
the hiPSCs retained their undifferentiated state, which is char-
acterized by tightly packed flat colonies of cells with large
nuclei and scant cytoplasm (Thomson et al. 1998; Takahashi
et al. 2007), small part of the cells underwent spontaneous
differentiation, which is characterized by small black nuclei
and extended cytoplasm (Thomson et al. 1998; Takahashi
et al. 2007) (Fig. 1). We designated such composite cell pop-
ulation as Bquasi-undifferentiated state^ in this study.
Imaging-cytometry analysis The hiPSCs in one of the 6-well
plates were delivered to NIBIOHN for imaging cytometry
after fixation at NUTech (Fig. S1). H9 cells and the hiPSCs
were double-immunostained with anti-OCT-3/4 and one of
the following cell surface antibodies: stage-specific embryon-
ic antigen (SSEA) 3, SSEA4, TRA-1-60, or SSEA1. OCT-3/4,
SSEA3, SSEA4, and TRA-1-60 are undifferentiated stem cell
markers (Thomson et al. 1998). SSEA-1 is an early-
differentiated cell marker. Immuno-stained images of entire
surface area of culture vessel were acquired to produce
multi-panel tiling images (Fig. S4). The acquired tiled images
were processed to recognize each cell area by the nuclear
segmentation operation (Supplementary Table S3). Then,
fluorescent intensity of Hoechst33342 (Nuclei, DAPI chan-
nel), Alexa Fluor 488 (anti-SSEA3, -SSEA4, -TRA-1-60,
and -SSEA1 antibody, FITC channel), and Alexa Fluor 647
(anti-OCT 3/4 antibody, Cy5 channel) were measured at each
of the processed nucleus area (Nuc area, Fig. S2 and
Supplementary Table S3). Although many nuclei images were
in contact with adjacent nuclei because of scant cytoplasm and
tightly packed nature of hiPSCs, nuclei were clearly discrim-
inated from each other by this procedure (Fig. S2).
Marker expression profile by imaging-cytometric analysis
As described previously, undifferentiated cells were stained
well with OCT-3/4, SSEA3, SSEA4, and TRA-1-60, whereas
differentiated cells that were delaminated from or on the edges
of the undifferentiated colonies were positive for SSEA1 and
negative for OCT-3/4 (Fig. 2A). Fluorescence intensities of
SSEA-3, SSEA-4, TRA-1-60, or SSEA-1 were plotted against
that of OCT-3/4 bidimensionally (Figs. 2B and S3), and ex-
pression profiles were obtained as histograms (Figs. 2C and
S3) in four hPSC lines, 201B7, 2531G1, Tic, and H9. A rep-
resentative result of 201B7 cells (Fig. 2) showed that the per-
centage of positive cells for OCT-3/4, SSEA3, SSEA4, and
TRA-1-60 were 85.2, 94.0, 95.0, and 87.0%, respectively,
whereas SSEA1 positive cells was 30.2%, indicating that the
cells were in Bquasi-undifferentiated state.^ The results of all
experiments analyzed in this study are summarized in
Supplementary Table S4.
Strong correlation between imaging-cytometric analysis
and flow-cytometric analysis To determine whether antigen
expression profiles analyzed by the imaging cytometry were
adequate, the cells cultured in the other 6-well plate were
analyzed in parallel with flow cytometry and the result was
compared. The flow-cytometric analysis provided the antigen
expression profile as histogram (Fig. 3A). Although the orig-
inal percentages of each marker expression measured by im-
aging and flow cytometry were different individually, result of
all five markers as a whole exhibited strong correlation
(Fig. 3B and Table S4). The strong correlation was confirmed
by calculating Pearson’s correlation coefficient (r = 0.95 ± 0.016,
mean ± SE, n = 3: Fig. 3C, 201B7). Themean value of Pearson’s
correlation coefficient for all four hPSC lines was more than 0.7
(Fig. 3C). Thus, imaging cytometry can quantitatively reflect
results of Bquasi-undifferentiated state^ of hPSCs as with flow
cytometry.
Localization of stem cell markers in the hPSC coloniesOne
of the great advantages of imaging cytometry compared to flow
cytometry is the conservation of spatial information of the cells.




hiPSC 201B7. (A) The
fluorescent images.
Immunocytochemical images
were taken by imaging cytometer.
OCT-3/4 (red) and SSEA3,
SSEA4, TRA-1-60, or SSEA1
(green) were double-stained.
Nuclei were stained with
Hoechst33342 (blue). Scale bar,
500 μm. (B) Two-dimensional
plots of fluorescent intensity. The
analyzed cells were plotted as
double-positive (red), single-
positive (yellow and green), or
double-negative (black). Data are
represented as percentage of
expression. (C) Expression
profiles in histogram. Positive is
colored as red, and negative as
black. Negative control samples
were assayed without primary
antibody.
Figure 1. Morphology of phase contrast micrographs of hiPSCs 201B7.
A representative phase contrast photograph of 201B7 cells. (A) Cells were
cultured roughly in several passages and then seeded on a 6-well plate.
(B) Magnified image of the boxed areas in (A). Note that the cells at the
upper edge of the colony are spontaneously differentiated.
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Because our imaging cytometry system keeps the link between
the original fluorescent images and the cytometry profiles that
give fluorescence intensity of each cell, it allows backtracking
from profile to the image, showing exactly where the immuno-
positive and immuno-negative cells for hESC markers are locat-
ed in the original fluorescent image. Taking this advantage, we
tried to elucidate where the immuno-positive/negative cells for
OCT-3/4 with SSEA3, SSEA4, TRA-1-60, or SSEA1 located in
the culture.
Bidimensional plots (Figs. 2B and S3) and histogram
(Figs. 2C and S3) revealed the presence of single-positive cell
population in the culture, although most cells were double-
positive for OCT-3/4 and each of the undifferentiated cell surface
markers, SSEA3, SSEA4, or TRA-1-60. Double-positive cells
for OCT-3/4 and a differentiated cell surface marker, SSEA-1,
were also present in the culture, thoughmost cells wereOCT-3/4-
positive and SSEA1-negative. Tracking back to the original im-
ages from the plots in one of the field of view in 201B7 cell
culture showed variable localization of marker expression. A
SSEA1-single-positive cell indicated as B1^ (Fig. 4B) was local-
ized at the peripheral of colony (Figs. 4A, C and S4A). Double-
positive cells for OCT-3/4 and SSEA1 indicated as B2^ and B3^
(Fig. 4B) were localized in the colony (Figs. 4A, C and S4A). An
OCT-3/4-single-positive cell indicated as B4^ (Fig. 4B) was lo-
calized in the center of colony (Fig. 4A, C and S4A). In another
field of view, a SSEA-3 single-positive cell indicated as B1^
(Fig. 4E) was localized in the inner part of colony (Figs. 4D, F
and S4B) while an OCT-3/4-single-positive cell indicated as B2^
(Fig. 4E) was localized in the peripheral of colony (Figs. 4D, F
and S4B). These analyses indicated the heterogenic state of un-
differentiated hPSCs in the culture. These results were consistent
with the impression by observation under the phase-contrast mi-
croscope, suggesting that daily microscopic observation could be
interpreted in relation to the quantitative analysis using imaging-
cytometry.
Discussion
In this study, we applied a two-dimensional imaging cytome-
try that can analyze the mixed population of undifferentiated
and differentiated cells that we defined as the Bquasi-
Figure 3. Correlation between imaging and flow cytometric analyses.
(A) Representatives of flow-cytometry profiles of hiPSCs 201B7. Dotted
line: negative control (without second antibody). Solid line: signal (with
second antibody).Horizontal lines indicate gating areas for positive cells.
(B) Percentage of immunopositive cells based on the imaging cytometry
(abscissa) and flow cytometry (ordinate) of the sister cultured hiPSC
201B7 (B7), 253G1(G1) and Tic, and hESC H9. CM cytometry. (C)
Pearson’s correlation coefficient between percentages of positive cells
based on the imaging cytometry and flow cytometry of the four hPSC
lines. The numbers on the column represent the number of independent
experiments (mean ± se)
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undifferentiated state,^ and its efficacy was confirmed by flow
cytometry.
At first, we found that the detection sensitivity was differ-
ent between imaging and flow cytometry. The results of image
analysis depended highly on image processing parameters
such as background subtraction, threshold of signal, and seg-
mentation of cells. Moreover, the dynamic range of camera
used in our imaging cytometry system was 4096 (12 bit
camera), while the dynamic range of flow cytometry, which
use photomultiplier and logarithm amplifier for detecting fluo-
rescent signal, was 10,000 (display digit is 4). The narrowness
of dynamic range in imaging cytometry system may distort
the data profile at the lowest or highest part of the graph.
However, although the percentage of each marker analyzed
by the imaging cytometry was not exactly the same as that by
the flow cytometry, the expression pattern of all five markers
Figure 4. Localization of stem cell markers in hiPSC 201B7 colonies
analyzed for expression profiles. Representative cells stained with Oct3/4
and SSEA1 (A–C) and with OCT3/4 and SSEA3 (D–F) were tracked
back to the images from plots. (A, D) Merged image of immunostaining.
A representative field of the images taken by imaging-cytometer is
shown. Region containing each target cell is marked as yellow rectangle.
Scale bar, 100 μm. (B, E) Analyzed fluorescent intensity profile of each
cells in the field. Red plots represent target cells. (C, F) Fluorescent
images stained with SSEA1, or SSEA3 with OCT-3/4 antibody and
Hoechst33342. Nuclei region of each target cell is marked as cyan. (C)
Representative plots for SSEA1 and OCT-3/4 were the following: 1:
SSEA1(+)/Oct-3/4(−) cell, 2 and 3: SSEA1(+)/Oct-3/4(+) cell, 4:
SSEA1(−)/Oct-3/4(+) cell. (F) Representative plots for SSEA-3 and
OCT-3/4 were the following: 1: SSEA3(+)/Oct-3/4(−) cell; 2:
SSEA3(−)/Oct3/4(+) cell.
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examined in this study showed strong correlation, indicating
imaging cytometry can be used as flow cytometry for diag-
nosing hPSCs.
To determine expression profiles of undifferentiated
markers of hPSCs, it is ideal to align detection sensitivity
between experiments. The same holds for research collabora-
tion, but difference between imaging cytometry and flow cy-
tometry as well as models of analyzer employed affect detec-
tion sensitivity. In this study, this issue was avoided by deliv-
ering fixed hPSCs from NUTech to NIBIOHNwhere imaging
cytometric analysis was performed. Thus, imaging cytometry
can be used to analyze antigen expression profiles of hPSCs
among collaborators.
Using imaging cytometry system, we succeeded to
trackback from cytometric profile data to original fluorescent
image to know where the immune-positive/negative cells
were located, demonstrating that imaging cytometry is suit-
able for detecting spatial information. The image analysis in
this study revealed that the cells positive for SSEA3, SSEA4,
or TRA-1-60 but negative for Oct3/4 were located in both the
center and peripheral area of the colonies. It was reported that
the spontaneous differentiation of hPSCs are frequently found
at limited areas in the colony such as at the edge or the center
but not scattered across a colony (Thomson et al. 1998; Kim
Figure 4. (continued).
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et al. 2014). Warmflash et al. reported that in situ imaging
analysis revealed that BMP4 triggers spatially organized dif-
ferentiation in hPSC colonies (Warmflash et al. 2014). To
analyze cell differentiation of hPSC colonies in details, they
used conventional fluorescent microscope for acquiring high
magnification images and original data analysis programs
using a numerical computing software, MATLAB
(MathWorks, Natick, MA). In essence, their analysis method
and performance would be comparable to our method using
IN Cell Analyzer 2000, although our image analysis places
priority on time efficiency over detailed analysis. Their find-
ings also demonstrate that imaging cytometry is valuable to
analyze cell differentiation process of hPSCs, although flow
cytometry has a high sensitivity for quantifying antigen ex-
pression profiles.
In the present study, fixed cells were employed to establish
basic technology for quantitative analysis of hPSCs using im-
aging cytometry. Fixed cells were capable of analyzing both
surface markers and transcription factors, enabling multilater-
al analysis. Also, utilization of fixed cells enabled comparison
of variety of hPSCs cultured in different laboratories on the
same platform by collecting the fixed cells to a single labora-
tory to be analyzed. At the same time, living cell analysis
would be valuable for daily quality check of hPSCs. We pre-
viously reported live cell imaging tools including antigens for
florescent-labeled lectin, mitochondrial membrane potential
probes, and non-labeling analyzing methods (Tateno et al.
2013; Suga et al. 2015; Kumagai et al. 2016). However, quan-
titative living cell analysis using imaging cytometry is more
challenging than fixed cells for the time being. As shown in
Table 1, our current protocol requires nuclei staining. Even
though some kinds of dyes are able to stain live nuclei, most
of them are toxic for living hPSCs.We are planning to develop
living cell analysis in the future.
Conclusion
We have applied a two-dimensional imaging cytometry to ana-
lyze spatial heterogeneity in undifferentiated state of the mono-
layer colony of hPSCs. Imaging cytometry can be used for quan-
titative analysis in equal measure to flow cytometry. In situ anal-
ysis without dissociation of cells allows obtaining spatial infor-
mation of the cells, which may be useful for detecting spatial
heterogeneity of hPSCs. The advantages of imaging cytometry
allow quantifying condition of hPSCs easily and flexibly. We
envision that imaging cytometry will be a standard procedure
for medical applications of hPSCs.
Acknowledgments We thank Dr. Ryuji Kato (Nagoya University) for
discussions, Dr. Paul J. Gokhale (University of Sheffield) for advice re-
garding analysis using the imaging analyzer, Kaori Okada for excellent
technical support, and Taro Nakazawa (GE Healthcare) for technical
assistance with the imaging cytometry. This work was supported in part
by grants from the Ministry of Health, Labour, and Welfare of Japan and
Japan Agency for Medical Research and Development (AMED) to KO
and MKF, the New Energy and Industrial Technology Development
Organization (NEDO) and AMED to MKF, and the Ministry of
Education, Culture, Sports, Science and Technology of Japan to KO,
MS, and MKF (JSPS KAKENHI). The funding bodies had no role in
study design, data collection and analysis, decision to publish, or prepa-
ration of the manuscript.
Author’s contribution MS, ST, KO, and MKF wrote the manuscript.
MS, ST, DT, and KO performed experiments. KO andMKF designed the
project. All authors reviewed the manuscript.
Compliance with ethical standards
Conflict of interest The authors declare no competing financial inter-
ests. The experiments using hESCs were performed in the National
Institutes of Biomedical Innovation, Health and Nutrition (NIBIOHN),
following the Guidelines for utilization of hESCs of the Ministry of
Education, Culture, Sports, Science and Technology of Japan with the
approval by NIBIOHN institutional research ethics committee.
Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.
References
AmitM, Carpenter MK, InokumaMS, Chiu CP, Harris CP, Waknitz MA,
Itskovitz-Eldor J, Thomson JA (2000) Clonally derived human em-
bryonic stem cell lines maintain pluripotency and proliferative po-
tential for prolonged periods of culture. Dev Biol 227:271–278
Chieco P, Jonker A, De Boer BA, Ruijter JM, Van Noorden CJ (2013)
Image cytometry: protocols for 2D and 3D quantification in micro-
scopic images. Prog Histochem Cytochem 47:211–333
Eliceiri KW, Berthold MR, Goldberg IG, Ibáñez L, Manjunath BS,
Martone ME, Murphy RF, Peng H, Plant AL, Roysam B,
Stuurman N, Swedlow JR, Tomancak P, Carpenter AE (2012)
Biological imaging software tools. Nat Methods 9:697–710
Furue MK (2009) Standardization of human embryonic stem (ES) cell
and induced pulripoent stem (iPS) cell research in Japan: how to
detect differentiation potency of human ES/iPS cells. TISSUE
CULTURE RESEARCH COMMUNICATIONS. 28:129–133
Hirata M, Ahmad S, Suga M, Fujiki A, Matsumura H, Wakabayashi M,
Ueda N, LIU K, Hayashida M, Hirayama T, Kohara A,
Yanagihahara K, Mizuguchi K, Furue MK (2011) Quality control
for human embryonic stem (ES) cell and induced pulripoent stem
(iPS) cells on the bench. TISSUE CULTURE RESEARCH
COMMUNICATIONS 30:145–157
Kim MH, Masuda E, Kino-oka M (2014) Kinetic analysis of deviation
from the undifferentiated state in colonies of human induced plurip-
otent stem cells on feeder layers. Biotechnol Bioeng 111:1128–1138
Kinehara M, Kawamura S, Tateyama D, SugaM, Matsumura H, Mimura
S, Hirayama N, Hirata M, Uchio-Yamada K, Kohara A, Yanagihara
K, Furue MK (2013) Protein kinase C regulates human pluripotent
stem cell self-renewal. PLoS One 8:e54122
Kumagai A, Suga M, Yanagihara K, Itoh Y, Takemori H, Furue MK
(2016) A simple method for labeling human embryonic stem cells
90 SUGA ETAL.
destined to lose undifferentiated potency. Stem cells translational
medicine. 5:275–281
Kusuda Furue M, Tateyama D, Kinehara M, Na J, Okamoto T, Sato JD
(2010) Advantages and difficulties in culturing human pluripotent
stem cells in growth factor-defined serum-free medium. InVitro Cell
Dev Biol Anim. doi:10.1007/s11626-010-9317-z
Lian X, Zhang J, Azarin SM, Zhu K, Hazeltine LB, Bao X, Hsiao C,
Kamp TJ, Palecek SP (2012) Directed cardiomyocyte differentiation
from human pluripotent stem cells by modulating Wnt/β-catenin
signaling under fully defined conditions. Nat Protoc 8:162–175
Nagata S, Toyoda M, Yamaguchi S, Hirano K, Makino H, Nishino K,
Miyagawa Y, Okita H, Kiyokawa N, Nakagawa M, Yamanaka S,
Akutsu H, Umezawa A, Tada T (2009) Efficient reprogramming of
human and mouse primary extra-embryonic cells to pluripotent stem
cells. Genes to Cells 14:1395–1404
Nakagawa M, Koyanagi M, Tanabe K, Takahashi K, Ichisaka T, Aoi T,
Okita K,Mochiduki Y, Takizawa N, Yamanaka S (2007) Generation
of induced pluripotent stem cells without Myc from mouse and
human fibroblasts. Nat Biotechnol 26:101–106
Ohnuma K, Fujiki A, Yanagihara K, Tachikawa S, Hayashi Y, Ito Y,
Onuma Y, Chan T, Michiue T, Furue MK, Asashima M (2014)
Enzyme-free passage of human pluripotent stem cells by controlling
divalent cations. Sci Rep 4:4646
Sheehy SP, Pasqualini F, Grosberg A, Park SJ, Aratyn-Schaus Y, Parker
KK (2014) Quality metrics for stem cell-derived cardiac myocytes.
Stem cell reports 2:282–294
Suemori H, Yasuchika K, Hasegawa K, Fujioka T, Tsuneyoshi N,
Nakatsuji N (2006) Efficient establishment of human embryonic
stem cell lines and long-term maintenance with stable karyotype
by enzymatic bulk passage. Biochem Biophys Res Commun 345:
926–932
SugaM, Kii H, Niikura K, Kiyota Y, FurueMK (2015) Development of a
monitoring method for Nonlabeled human pluripotent stem cell
growth by time-lapse image analysis. Stem cells translational med-
icine 4:720–730
Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K,
Yamanaka S (2007) Induction of pluripotent stem cells from adult
human fibroblasts by defined factors. Cell 131:861–872
Tateno H, Matsushima A, Hiemori K, Onuma Y, Ito Y, Hasehira K,
Nishimura K, Ohtaka M, Takayasu S, Nakanishi M, Ikehara Y,
Nakanishi M, Ohnuma K, Chan T, Toyoda M, Akutsu H,
Umezawa A, Asashima M, Hirabayashi J (2013) Podocalyxin is a
glycoprotein ligand of the human pluripotent stem cell-specific
probe rBC2LCN. Stem Cells Transl Med 2:265–273
The-International-Stem-Cell-Initiative (2011) Screening ethnically diverse
human embryonic stem cells identifies a chromosome 20 minimal
amplicon conferring growth advantage. Nat Biotech 29:1132–1144
Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ,
Marshall VS, Jones JM (1998) Embryonic stem cell lines derived
from human blastocysts. Science 282:1145–1147
Warmflash A, Sorre B, Etoc F, Siggia ED, Brivanlou AH (2014) A meth-
od to recapitulate early embryonic spatial patterning in human em-
bryonic stem cells. Nat Methods 11:847–854
Watanabe K, Ueno M, Kamiya D, Nishiyama A, Matsumura M, Wataya
T, Takahashi JB, Nishikawa S, Muguruma K, Sasai Y (2007) A
ROCK inhibitor permits survival of dissociated human embryonic
stem cells. Nat Biotechnol 25:681–686
Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL,
Tian S, Nie J, Jonsdottir GA, Ruotti V, Stewart R, Slukvin II,
Thomson JA (2007) Induced pluripotent stem cell lines derived
from human somatic cells. Science 318:1917–1920
SPATIAL HETEROGENEITIES OF HUMAN PLURIPOTENT STEM CELLS 91
